We demonstrate 1.8 W of average output power with 350 fs of pulse duration from a diode-pumped mode-locked rotary Nd:glass disk laser. In this laser with rotating Nd:glass disk structure, we use a Nd:glass disk with a diameter of 50 mm, which disperses heat to a wide area, to extend the upper limit of pumping power of Nd:glass for high output average power. We achieve passively soliton mode-locking for obtaining femtosecond pulses based on a semiconductor saturable absorber mirror. To our best knowledge, this is the highest average power reported from a diode-pumped femtosecond Nd:glass laser oscillator. The results are significant for power scaling of femtosecond Nd:glass lasers.
Introduction
Diode-Pumped solid-state femtosecond lasers operating at near 1 µm are cost-effective and compact light sources instead of Ti:sapphire lasers for being applied to seeding of high-power ultrafast amplifiers [1] , optical coherent tomography [2] and nonlinear microscopy [3] . Nd:glass is an attractive laser material for generating femtosecond pulses at near 1 µm. Because it has a very strong and broad absorption spectrum near 800 nm, which means that they can be directly pumped by laser diodes with no need of a precise temperature control to match their absorption line, compared to Yb-doped material [4] . In addition, the pump threshold of Nd:glass material is low because of its pure four level system without reabsorption losses [5] . And Nd:glasses have a long upper level lifetime (∼300 µs), which is good for energy storage. Furthermore, the fluorescence spectrum width of Nd:glass is 20-30 nm (FWHM), resulting in a broad bandwidth enough to support laser pulses with duration of sub-100 fs according to the principle of Fourier transform. In particular, using a semiconductor saturable absorber mirror (SESAM) to start and stabilize soliton mode-locking makes femtosecond Nd:glass lasers become simple and self-starting [6] . The Nd-doped femtosecond lasers based on phosphate, silicate and fluorophosphate have been studied. The shortest pulse duration of diode pumped femtosecond Nd:glass laser is as short as 60 fs [7] . However, Nd:glasses have the disadvantage of poor thermal conductivity, which limits the high average power output from Nd:glass lasers. Typically, the average power output from a diode pumped femtosecond Nd:glass laser is below 0.2 W [4]- [10] . Upscaling the average output power of Nd:glass femtosecond laser is always a challenging task with serious thermal effects. First demonstration of more than 1 W average power from diode pumped femtosecond Nd:glass laser was based on a very thin material with highly elliptical pump mode for improving heat removal [11] . However, for optimized mode matching, the design of cavity with highly elliptical laser mode in gain medium was difficult, in which even cylindrical mirrors were used. In addition, the highest femtosecond output power as high as 1.2 W contained two output beams. Recently, we demonstrated a mode-locked femtosecond laser with a rotary Nd:glass disk yielding average output power of 0.49 W with pulses of 324 fs [12] . In the concept of rotary disk lasers, the waste heat can be mechanically transferred out of the laser resonator, resulting in thermal load reduced in the extraction region [13] - [19] . High average output power with good beam quality can be generated from rotary disk lasers, and the power can be scaled by using disk with larger diameters in principle [16] - [18] .
In this letter, we demonstrate a diode-pumped mode-locked femtosecond Nd:glass laser with 1.8 W average output power, containing only one output beam with pulse duration of 350 fs. To our best knowledge, this is the highest reported average output power from diode-pumped femtosecond Nd:glass lasers. To solve the thermal problem caused by high pump power, a rotary Nd:glass disk with diameter of 50 mm is applied for heat removal to a large area in this laser.
Experimental Setup
The rotary Nd:glass disk concept is shown in Fig. 1(a) . In our previous study, a rotary Nd:glass disk with a diameter of 15 mm and a thickness of 5 mm was used to output femtosecond pulses with average power of 0.49 W at a absorbed pump power of 7.3 W [12] . However, when the absorbed pump power increased to 10 W, the Nd:glass fractured due to high thermal stress. In order to scale the average output power, a Nd:glass disk with larger diameter is needed to bear more heat without fracture in case of higher pump power [16] - [18] . In this experiment, a Nd:glass disk (NAP2), produced by SIOM, with a diameter of 50 mm and a thickness of 5 mm is employed. And this Nd:glass is based on phosphate glass, having a doping concentration of 2%. The spectral widths of the absorption spectrum near 802 nm and emission spectrum near 1053 nm of this Nd:galss are 14 nm and 22 nm (FWHM), respectively. The two end surfaces of the Nd:glass are antireflection coated at 802 nm and 1053 nm, respectively for reducing losses of pump light and oscillating laser. The Nd:glass disk is rotated by a mechanical device driven by a servo motor. As shown in Fig. 1(b) , the Nd:glass is fixed in the groove of the hollow shaft and locked by a threaded ring. In addition, the hollow shaft is driven by a servo motor through two synchronous pulleys and a synchronous belt. And the waste heat of Nd:glass is only removed by natural convection, so additional active cooling is not required. The schematic diagram of the resonator is shown in Fig. 2 . The laser diode (DILAS Diodenlaser GmbH) with fiber coupling output, as the pump source, can emit light of maximum power of 40 W with a central wavelength of 802 nm. The core diameter and numerical aperture of the coupling fiber are 200 um and 0.22, respectively. The light delivered from the coupling optical fiber is collimated by a flat convex lens antireflection-coated at 802 nm with a focal length of 50 mm, and then focused by a flat convex lens antireflection-coated at 802 nm with a focal length of 150 mm. The focus spot of the pump through the shaping system is injected into the edge of the rotating neodymium glass disk, which is about 21.5 mm from the center of the disk. In order to separate the pump light from the oscillating laser, a 45-degrees dichroic mirror (M1) is employed, which is high transmissivity and high reflectivity coated for the pump light and the oscillating light, respectively. Two high reflectivity coated concave mirrors (M2, M3) are employed to control the size of the fundamental mode beam of the resonator in the Nd:glass. And another high reflectivity coated concave mirror (M6) is employed to control the size of the fundamental mode beam of the resonator in the SESAM. The resonator beam radius in the Nd:glass and SESAM are calculated to be about 300 µm for matching the pump beam, and 340 µm within the stability region, according to the standard ABCD-matrix calculations. In order to output the laser and maintain enough energy in the cavity, a concave mirror with partial reflection of 98% is employed as the output coupler. In order to eliminate the etalon effect, the Nd:glass disk rotating at 3 Hz is inserted into the resonator at about 7 degrees in this experiment. To achieve soliton mode locking, two Gires-Tournois interferometers (GTIs) (Layertec, GmbH), M4 and M5, are employed to introduce second-order dispersion of −250 fs 2 and −1200 fs 2 at one bounce, respectively, to make the resonator operating in the negative dispersion regime. A SESAM is used to start-up and maintain soliton mode locking.
Results
First experiments in CW regime are carried out by using a plane mirror with high reflectivity to replace the SESAM in the resonator shown in Fig. 2 . We mainly investigate the power output characteristics in CW regime (Fig. 3) . We obtain the maximum average output power of 2.7 W at the absorbed power of 19 W with an optical to optical conversion efficiency of 14%. The pump threshold is about 6 W. As shown in Fig. 3 , with the increase of pump power, the slope efficiency remains approximately the same as 21%.
To investigate the mode-locked regime, we employ a SESAM (BATOP, GmbH) with a reflectivity modulation of 1.2% (non-saturable loss of 0.8%), a saturation fluence of 70 µJ/cm 2 and a recovery time of 1 ps in the resonator (Fig. 2) . Carefully adjusting the alignment of the resonator mirrors, we obtain average output power of 1.8 W with pulse duration of 350 fs. The output laser is linearly polarized. And the polarized direction is vertical, corresponding to the y direction in Fig. 1 and Fig. 2 . We use an autocorrelator (FEMTOCHROME, FR-103WS) to characterize the autocorrelation trace, as shown in Fig. 4(a) , assuming sech 2 fitting. And side peaks in time separated from the main peak in the scan range of more than 400 ps of the autocorrelator are not observed. We use a spectrometer (Ocean Optics, USB 4000) to measure the mode-locking spectrum, as shown in Fig. 4(b) , which shows that the spectral bandwidth is 3.8 nm (FWHM). And the time-bandwidth product of is 0.35, which is close to the Fourier transform limit (0.315). Also, we use the FFT function of a digital storage oscilloscope (DSO7104B, Agilent Technologies) to measure the RF spectrum of the pulses, as shown in Fig. 5 . The RF spectrum shows the fundamental frequency of the pulses is about 28 MHz, corresponding to the cavity length of 5.3 m. In addition, we use a CCD to measure the beam intensity profile, as shown in Fig. 6 . The intensity profiles of laser beam are very consistent with the Gaussian distribution in both vertical and horizontal directions. And the beam quality M 2 are both less than 1.1 in vertical and horizontal directions. The results show that the mode-locked laser can output femtosecond pulses in TEM 00 mode with high power and high brightness in high power pump, caused by that the rotary Nd:glass disk has good heat dissipation performance.
We also investigate the output characteristics of the laser in mode-locked regime with different absorbed pump powers, as shown in Fig. 7 . Firstly, the pump power reaches 7.6 W, the CW regime starts. The Q-switched mode-locked regime starts to appear when the pump power reaches 11.5 W. The CW mode locking regime with single pulse appears when the pump power reaches 17.8 W with 1.8 W average output power, corresponding to an optical to optical conversion efficiency of 10%. However, there are deep hollows and unsmooth background in the autocorrelation trace when the pump power reaches 19 W with 2 W average output power ( Fig. 8(a) ). The corresponding optical spectrum is shown in Fig. 8(b) . This may be because the negative dispersion is not enough to balance the strong self-phase modulation at high pulse energy beyond the continuum threshold, which leads to the unstable soliton with a negligible amount of continuum [20] . And if we introduce more negative dispersion into the cavity, the hollows should disappear. And the slope efficiency remains approximately the same as 17.5%.
Conclusions
In conclusion, we demonstrate a diode-pumped mode-locked rotary Nd:glass disk laser with 350 fs output pulses of 1.8 W of average power, which shows a significant improvement in average power of diode pumped femtosecond Nd:glass lasers. The Nd:glass disk, with diameter as large as 50 mm, is employed to disperse heat in case of high pump power, resulting in the gain medium with small thermal effect and without fracture. Due to the good heat dissipation of rotary Nd:glass disk, the output laser beam is the TEM 00 mode close to the diffraction limit, and has good beam quality. Compared with our previous studies of mode-locked femtosecond laser with a rotary Nd:glass disk of 15 mm diameter, the results in this letter shows the concept demonstration of average power scaling in diode pumped femtosecond Nd:glass lasers by rotating Nd:glass disk with larger diameter. Additionally, the Nd:glass with very large diameter can be fabricated, so it is worth looking forward to higher average power from diode pumped femtosecond Nd:glass laser in this power scaling concept. Furthermore, the rotary Nd:glass disk can also be used in femtosecond laser amplifiers for output pulses with high average power and high pulse energy.
